its name and has been well-documented with diverse plant pathogens, or the conservation of EDS1 genes in monocotyledonous plants that do not possess TIR-NB-LRR genes.
Multiple TIR-NB-LRR resistance proteins guarding EDS1 can also explain cross-talk in TIR-NB-LRR signaling. The guard model of resistance protein specificity and indirect effector recognition was first substantiated with RIN4, a host protein targeted by the three sequenceunrelated effectors AvrRpm1, AvrB and AvrRpt2, and guarded by the CC-NB-LRR proteins RPM1 and RPS2 (6) . Interestingly, it was shown that AvrRpm1 in the absence of its canonical resistance protein RPM1 can activate RPS2 in RIN4 RPS2 rpm1 plants, presumably because RIN4 is a common target of these effectors (27) .
A new element in the EDS1 guard complex is SRFR1, genetically a negative regulator of TIR-NB-LRR resistance protein-mediated immunity. SRFR1 is likely to localize EDS1-resistance protein interactions to a microsomal compartment. Either by interacting with the resistance protein co-chaperone SGT1 (18) or by directly affecting the stability of EDS1-resistance protein complexes shown here, SRFR1 could set a threshold at which resistance proteins are activated, thus regulating resistance protein specificity. In the absence of SRFR1, EDS1-resistance protein complexes would be more easily perturbed by any effector targeting EDS1, resulting in increased cross-talk between TIR-NB-LRR proteins.
We propose that disruption by AvrRps4 of EDS1-RPS4 interactions at a cytoplasmic membrane, where RPS4 is predominantly found at resting state (13) , constitutes the very first step in RPS4 activation. None of these interactors are integral membrane proteins. Interestingly, Heidrich et al. (28) observe that activated RPS4 together with EDS1 is predominantly found in the soluble cytoplasmic fraction. In the nucleus, EDS1 was also found to interact with AvrRps4 and RPS4. Furthermore, Heidrich et al. (28) show that similar to RPS4 and EDS1 (13, 20) , AvrRps4 needs to be nuclear-localized for full immunity activation. A function of effector-triggered immunity activation is therefore likely to include alteration of protein complexes to generate a mobile signal to the nucleus. Which of the many TIR-NB-LRR proteins directly interact with EDS1 and how effectors eventually activate immune responses in the nucleus remains to be established. of eds1-2 and EDS1-YFP plants, F. Gao and J. C. The Competitive Advantage of a Dual-Transporter System Sagi Levy,* Moshe Kafri,* Miri Carmi, Naama Barkai † Cells use transporters of different affinities to regulate nutrient influx. When nutrients are depleted, low-affinity transporters are replaced by high-affinity ones. High-affinity transporters are helpful when concentrations of nutrients are low, but the advantage of reducing their abundance when nutrients are abundant is less clear. When we eliminated such reduced production of the Saccharomyces cerevisiae high-affinity transporters for phosphate and zinc, the elapsed time from the initiation of the starvation program until the lack of nutrients limited growth was shortened, and recovery from starvation was delayed. The latter phenotype was rescued by constitutive activation of the starvation program. Dual-transporter systems appear to prolong preparation for starvation and to facilitate subsequent recovery, which may optimize sensing of nutrient depletion by integrating internal and external information about nutrient availability.
M aintaining nutrient homeostasis is critical to all cells and in particular to microorganisms, whose environment fluctuates in unpredictable ways. A recurrent design in systems that maintain nutrient homeostasis involves switching between transporters of different affinities. High-affinity transporters are used in limiting conditions, but their abundance is decreased in cells growing in conditions where nutrients are abundant (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Under these conditions, nutrients are transported by low-affinity transporters, although in principle, high-affinity transporters could function equally well. One possible advantage of this switching is a reduction in the load of protein production. However, we found that mass production of high-affinity transporters in yeast had a marginal effect on fitness in rich media ( fig. S1 ). We therefore explored whether this motif has an additional, perhaps regulatory role in maintaining nutrient homeostasis.
Cells can sense nutrient availability with transmembrane receptors, in which case the external nutrient concentration is monitored. This strategy provides indirect information about the internal pools, which are also influenced by growth rate or availability of other nutrients (15) . Alternatively, cells can directly monitor the internal nutrient concentration and activate the starvation response only when internal pools are depleted (13, (16) (17) (18) (19) . In the latter case, the dual-transporter motif may play a role in signaling nutrient starvation and specifically in prolonging the time window between the initiation of the starvation response and the onset of growth limitation (the "preparation phase").
To see this, consider a cell that uses a single transporter type and assume that nutrient is gradually depleted from the medium, either through consumption by the cells or loss by diffusion (Fig. 1, A and B) . Initially, a decrease in external nutrient concentration does not affect the internal pools, because the transporters function at maximal velocity. Internal nutrient abundance begins to decrease only when the external concentrations are close to the dissociation constant of the transporters. Notably, this reduction activates the starvation response, and, shortly after, a lack of nutrients begins to limit growth. Therefore, in a system that relies on a single transporter type, the preparation phase is rather short.
A dual-transporter system prolongs the time window between the initiation of the starvation response and the onset of limitation (Fig. 1C) : The starvation response is still induced when the concentration of external nutrient is comparable to the dissociation constant of the low-affinity transporters. However, because the high-affinity transporters are produced as part of the starvation response, growth limitation ensues only when nutrient decreases further to approximately the dissociation constant of the high-affinity transporters. The dual-transporter motif thus provides the cells with a prolonged time window in which the starvation response has been activated, but the intracellular nutrient pools are still sufficient for optimal growth. We hypothesized that this advanced preparation may be beneficial when nutrient levels fluctuate, as foreseeing future conditions may facilitate cellular adaptation (20, 21) .
We tested these ideas in two well-studied models: phosphate and zinc homeostasis in budding yeast (3, 9, 13, 16, 22) . In both systems, production of high-affinity transporters (Pho84 and Zrt1, respectively) is low in rich media, but these transporters accumulate by more than two orders of magnitude as part of the starvation response ( Fig. 2A) . Cells directly monitor the internal concentrations of phosphate and zinc: Zap1, the transcription factor activating the zinc starvation response, is directly inhibited by zinc (17, 19) , whereas Pho4, the transcription factor activating the phosphate starvation response, is regulated by internal phosphate concentration (13, 16, 18) . We predicted that preventing the repression of PHO84 and ZRT1 in rich medium would shorten the respective preparation phases.
We replaced the endogenous promoters of the high-affinity transporters for phosphate and zinc by the promoters of TDH3 or TEF1, two genes expressed at high levels in both rich and poor media. The resulting constitutive strains, PHO84 C and ZRT1 C , express the high-affinity transporters in amounts comparable to the amount of the endogenous proteins in starved cells ( Fig. 2A) . We incubated wild-type and constitutive cells in media with intermediate nutrient concentrations and monitored the temporal induction of the starvation response with fluorescence reporters: Yellow fluorescent protein (YFP) fused to the PHO84 promoter was used to monitor the phosphate starvation response, whereas mCherry fused to the ZRT1 promoter was used to monitor the zinc starvation program (Fig. 2, B and C) . The phosphate starvation program was further monitored by profiling gene expression (Fig. 2D) . Wild-type cells induced the starvation response over a period of 5.5 hours (phosphate) or 2 hours (zinc) before the cells constitutively expressing the highaffinity transporters did so. During this period, both the wild-type and modified cells grew rapidly at practically the same rate as they did in rich medium ( fig. S3, C and D) . For the phosphate system, we also characterized the preparation phase in continuous cultures (Fig. 2E) . Wild-type cells fully induced the PHO84-YFP reporter when phosphate concentration was below~400 mM, a concentration comparable to the dissociation constant of the low-affinity transporter [~220 mM (13) ], whereas cells constitutively expressing the high-affinity transporters fully induced the reporter only at~60 mM. In both strains, growth limitation was observed only when phosphate concentration was below~5 mM (our detection limit), a concentration comparable to the dissociation constant of the high-affinity transporter [~9 mM (13)] (Fig. 2, F and G, and fig. S2 ). We conclude that preventing the expression of highaffinity transporters in rich media enables early induction of the starvation response.
Early induction of the starvation response could enhance the fitness of cells in two complementary ways. First, it could prolong growth in the limiting condition. Second, a regulated entry into starvation could facilitate the recovery from starvation once nutrient is replenished. Rapid resumption of growth once nutrient becomes available would provide yeast cells with a strong selection advantage. We therefore compared the recovery from prolonged phosphate or zinc starvation of wild-type cells and cells that constitutively express the high-affinity transporters. Constitutive expression of Pho84 prolonged the recovery from phosphate starvation, whereas constitutive expression of Zrt1 prolonged the recovery from zinc starvation (Fig. 3A and fig.  S3A ). The effect was specific: Constitutive expression of Zrt1 did not prolong the recovery from phosphate starvation, and constitutive expression of Pho84 did not prolong (indeed, it accelerated) the recovery from zinc starvation. Neither strain was impaired in recovery from glucose starvation (Fig. 3A and fig. S3A ).
To better quantify the recovery of the two strains, we used a sensitive competition assay. Wild-type and constitutive cells were differentially labeled using GFP or mCherry markers driven by the constitutive promoter of the TEF2 gene. We grew the wild-type and modified cells together in the same tube and measured the relative fraction of each strain in the population at fig. S2 showing the bistable activation pattern. Lines were added to guide the eye (23) . (G) Effect of phosphate concentration on cell density. Normalized cell density is shown as a function of phosphate concentration in the chemostat. The shaded regions correspond to phosphate concentrations that are below our detection limit of 5 mM. The drop in cell density in low phosphate levels correlates with the reduction of the concentration of phosphate at the feeding vessel of the chemostat (shaded regions a, b, and c correspond to feeding levels of 0.4, 0.3, and 0.2 mM, respectively). Error bars denote SE between biological repeats, when available. Lines were added to guide the eye (23) (fig. S2) . Constitutive strains in (B) to (G) were driven by TDH3 promoter. different time points by flow cytometry (Fig. 3,  B and C, and fig. S3, B to D) . The cells were transferred into intermediate nutrient conditions where they consumed the nutrients, reached growth limitation, and were transferred back to rich or intermediate nutrient conditions. Consistent with their delayed recovery, the strains constitutively expressing the high-affinity transporters were outcompeted during recovery. Their number in the population rapidly decayed after the transfer to medium rich in nutrient (Fig. 3, B and C, and  fig. S3, B to D) . The effect was specific: The PHO84 C cells, which were rapidly outcompeted by wild-type cells upon recovery from phosphate limitation, had enhanced recovery from zinc limitation, and the analogous behavior was observed for the ZRT1 C cells. Thus, the constitutive expression of high-affinity transporters appears to limit recovery from starvation of the respective nutrients.
To control for possible effects of toxicity, we repeated the experiments in cells that constitutively expressed the low-affinity transporters for phosphate (Pho90) or zinc (Zrt2). The pertransporter flux is higher for the low-affinity transporters than for the high-affinity ones in both the zinc and phosphate systems (23), so we expected that this constitutive expression would exacerbate any toxic effect (see, e.g., fig. S4 ). However, during entry or exit from starvation, the PHO90 C and ZRT2 C cells grew as well as the wild type (Fig. 3, B and C, and fig. S3, B to D) . We conclude that the impaired recovery of the highaffinity constitutive strains, PHO84
C and ZRT1 C , is not likely to be caused by toxicity.
In addition to the delayed recovery from starvation, ZRT1
C cells were outcompeted, although to a lesser extent, while growing in medium with intermediate concentration of zinc until concentration that caused growth limitation (Fig. 3B and  fig. S3C ). A similar phenotype was observed for PHO84 C , but only when the cells were inoculated directly into a medium containing low concentration of phosphate (0.1 mM; fig. S3C ). PHO84 C grew as well as the wild type when incubated in media containing intermediate concentration of phosphate (0.2 mM or 0.5 mM; Fig. 3B and fig.  S3C ), although they depleted phosphate from www.sciencemag.org SCIENCE VOL 334 9 DECEMBER 2011 the media as well (to below our detection limit of 5 mM). This suggests that depletion of highaffinity transporters from cells in rich media benefits cells more during recovery from starvation than during entry into starvation. We attributed the delayed recovery of the cells constitutively expressing the high-affinity transporters to their shortened preparation phase. We therefore predicted that this phenotype would be rescued by constitutively activating the early starvation program, rendering the cells constantly prepared. The phosphate starvation response is induced in two stages: first during intermediate limitation, and later during deep starvation (24) . We reasoned that the first stage may constitute preparation and used a previously described PHO4 allele [PHO4 SA1234 (24) ] to constitutively activate this response in both the wild-type and PHO84 C cells (23) . In these cells, Pho4 is present in the nucleus even in conditions in which phosphate is abundant (Fig. 4, A and B) . As predicted, this allele fully rescued the delayed recovery of the constitutive strains (Fig. 4, C and D, and fig.  S5 ), strongly supporting our hypothesis that the delayed recovery of constitutive strains results from the shortened preparation of these cells.
Our results indicate that the dual-transporter motif enables cells to prepare for nutrient depletion and thereby improves their recovery once nutrients are replenished. How could early activation of the starvation program facilitate recovery? By measuring the gene expression profiles of cells as they depleted phosphate, we defined a large number of genes whose expression is induced in wild-type cells during the early starvation program but is delayed in cells that constitutively express the high-affinity transporters (Fig. 2D) . Those genes are candidates for improving recovery. Of particular note are the genes PHM2 to PHM4 required for storage of phosphate in the vacuoles, as this storage plays a role during nutrient resupply (25) .
Our work suggests that the low-affinity transporters function as signaling entities, allowing cells to sense a reduction in nutrient level before this reduction becomes limiting for growth. In principle, this function could be provided by extracellular receptors, but this would negate the advantages of directly monitoring intracellular nutrients (15, (26) (27) (28) . The dual-transporter system enables cells to combine internal and external sensing, benefiting from the respective advantages of both strategies.
Supporting Online Material . Competition assays are as in Fig. 3 , B and C, with the PHO84 C cells also expressing the PHO4 SA1234 allele. Data are means T SEM. See table S2 for number of repeats. The entry phenotype was not rescued by PHO4 SA1234 , which suggests that it does not result from prolonged preparation ( fig. S5 ). Analogous rescue experiments in the zinc system were not possible because cells expressing an activated ZAP1 allele have growth defects both in high and low zinc (not shown).
